The surface air temperature (SAT) interannual variability during the spring-to-summer transition over South China (SC) has been decomposed into two dominant modes by applying empirical orthogonal function (EOF) analysis. The first EOF mode (EOF1) is characterized by homogenous SAT anomalies over SC, whereas the second EOF mode (EOF2) features a dipole SAT anomaly pattern with opposite anomalies south and north of the Yangtze River. A regression analysis of surface heat flux and advection anomalies on the normalized principle component time series corresponding to EOF1 suggests that surface heat flux anomalies can explain SAT anomalies mainly by modulating cloud-shortwave radiation. Negative cloud anomalies result in positive downward shortwave radiation anomalies through the positive shortwave cloud radiation effect, which favor warm SAT anomalies over most of SC. For EOF2, the distribution of advection anomalies resembles the north-south dipole pattern of SAT anomalies. This suggests that wind-induced advection plays an important role in the SAT anomalies of EOF2. Negative SAT anomalies are favored by cold advection from northerly wind anomalies over land surfaces in high-latitude regions. Positive SAT anomalies are induced by warm advection from southerly wind anomalies over the ocean in low-latitude regions.
Introduction
Surface air temperature (SAT) variations in South China (SC) play an important role in the local climate, economy, and society. For example, extreme heat wave events affect human health and increase mortality in China [1] [2] [3] . Low temperatures in summer reduce crop yields at large scales in Northeast China on interannual scale [4, 5] . Interannual surface cooling can reduce the East Asian summer monsoon circulation by weakening the land-sea thermal contrast over east China [6, 7] . Therefore, it is necessary to investigate SAT interannual variations over SC and their contributing factors to better understand regional climate variability.
Many studies have explored winter SAT anomalies in Asia, and specifically in China. For example, Hu and Liu [8] and Zhuang et al. [9] found that the first empirical orthogonal function (EOF) mode (EOF1) of winter SAT anomalies has a homogeneous structure over Northeast China, and shows a close relationship with the Arctic Oscillation. Kang et al. [10] studied winter temperature variations over China from 1951 to 2000 by EOF analysis, and found that EOF1 is characterized by a homogeneous structure throughout China, whereas the second EOF mode (EOF2) features a dipole pattern with opposite signals over south and north China. Miyazaki and Yasunari [11] clarified the interannual variability in winter SAT over Asia by principal component analysis. They found that SAT variability is strongly affected by atmospheric circulation and sea surface temperatures (SST) anomalies. Xu et al. [12] investigated subseasonal SAT variability during early and late winter over East Asia, and reported that deceleration of the East Asian jet stream in January-February can promote warm SAT anomalies over East Asia.
Many other studies have reported summer SAT anomalies and their contributing factors in East Asia and Northeast China. For example, Wu et al. [13] [14] [15] studied summer SAT anomalies over Northeast China and demonstrated that the El Niño-Southern Oscillation (ENSO), North Atlantic SST, and spring snow cover are important contributing factors. Chen et al. [16] investigated the interannual variation in summer SAT over Northeast Asia and its associated circulation anomalies. Liang et al. [17] analyzed the subseasonal variability in SAT over East Asia and found that EOF1 and EOF2 correspond to a same-sign SAT anomaly throughout East Asia and an opposite-sign variability over northern and southern East Asia, respectively. These studies have greatly enhanced our understanding of SAT anomalies during winter and summer.
Most previous work has focused on boreal winter or summer. During the spring-to-summer transition, SAT over SC undergoes significant warming because of the northward movement of the area of direct sunlight, and is accompanied by the onset of the South China Sea Summer Monsoon in the middle of May [18, 19] . This transition period is distinct from the winter and summer seasons and warrants further investigation. An analysis of this transition period is also expected to improve our understanding of conditions in winter and summer. For example, He and Wu [20] found that SST changes in the southern and central South China Sea (SCS) are affected by cloud-radiation, wind-evaporation, and wind-driven oceanic effects during April-June. Wu and Hu [21] reported that processes during this transition season have important implications for summer precipitation variability over the SCS. Wu and He [22] explored two distinct processes leading to early or late spring-to-summer transitions over the SCS. Studies have also demonstrated the connection between spring-to-summer SAT and the East Asian summer monsoon. He et al. [23] found that during the spring-to-summer transition, the Central South Peninsula, which rapidly increases in temperature and is influenced by the East Asian summer monsoon, is sensitive to the seasonal transition. Zhang [24] reported a periodic rapid increase in temperature over the plateau during the late-spring-to-early-summer transition that is influenced by the East Asian summer monsoon. Yao [25] investigated the interannual changes in SAT and the contribution of surface heat flux to SAT variation in East Asia during the spring-to-summer transition. The results provide a comprehensive picture of spring-to-summer climate variability for some areas, but not for SC SAT. Therefore, an investigation of the factors and processes involved in SC SAT anomalies during the transition season is warranted and is the focus of this work.
In this study, we analyze the dominant modes of SAT interannual variations and the physical processes that influence SAT anomalies. The remainder of the text is organized as follows. Datasets and methods are described in Section 2, and we discuss the spatiotemporal characteristics of SAT interannual variations in Section 3. The processes that contribute to SAT interannual anomalies are analyzed in Section 4. Finally, a summary and discussion are provided in Section 5.
Data and Methods

Datasets
We employed monthly mean SAT data from the Global Historical Climatology Network version 2 and the Climate Anomaly Monitoring System [26] (GHCN-CAMS) for 1948-2017. This dataset has a high horizontal resolution of 0.5 • × 0.5 • and is available online at https://www.esrl.noaa.gov/ psd/data/gridded/data.ghcncams.html. These data have been used in many studies on climate variability [27, 28] . We also employed SAT data from the University of Delaware [29] for 1900-2014 on a 0.5 • × 0.5 • grid to confirm the results obtained from GHCN-CAMS (not shown).
Surface heat flux (sensible heat flux (SH), latent heat flux (LH), shortwave radiation (SWR), and longwave radiation (LWR)), total cloud cover (TCC), and winds and air temperature at 1000 hPa were obtained from the National Centers for Environmental Prediction and the National Center for Atmospheric Research (NCEP/NCAR) reanalysis 1 [30] dataset and are available online at https://www.esrl.noaa.gov/ psd/data/gridded/data.ncep.reanalysis.html. Winds and air temperature at 1000 hPa have a horizontal resolution of 2.5 • × 2.5 • , and surface heat flux and TCC are on a T62 Gaussian grid. The dataset covers the period from 1948 to the present. Monthly mean surface heat fluxes from the Japanese 55-year Reanalysis Project (JRA-55) of the Japan Meteorological Agency [31] were also used to support the analysis of surface heat flux anomalies from the NCEP/NCAR reanalysis 1 dataset.
Statistical Methods
We used the EOF method to analyze the dominant modes of boreal spring-to-summer SAT interannual variability in SC from 1948 to 2017. The study area extends from 20 
Temperature Equation Diagnosis
Changes in SAT can be caused by many factors. In this work, we employ the thermodynamic equation, showing the main factors affecting the SAT anomalies.
where Q is diabatic heating per unit mass, T is SAT, u and v are the horizontal velocity, w is the vertical p-velocity, R is the gas constant, and C p is the specific heat at constant pressure. The term u ∂T ∂x + v ∂T ∂y captures the horizontal advection of temperature and w ∂T ∂p − RT C p p captures the vertical heat exchange. Figure 1 shows the spatial patterns of SAT interannual anomalies corresponding to EOF1 and EOF2, and their corresponding normalized PC time series (PC1 and PC2, respectively) during 1948-2017. The EOF1 and EOF2 modes explain 64.4% and 14.4% of the total variance, respectively. The first two modes are well separated from the other modes using the method of North et al. [32] .
Dominant Modes of SAT Anomalies
The EOF1 mode was characterized by a same-sign SAT anomaly pattern with significantly strong anomalies ( Figure 1a ). In the positive phase of EOF1, warm SAT anomalies exceeded 0.8 K in central SC. The largest positive value of PC1 was in 2005 and the largest negative value was in 1970 ( Figure 1c ). In addition, the PC1 time series underwent a significant decadal shift around 1993 when it changed from a negative to a positive phase ( Figure 1c ).
The EOF2 mode featured a north-south dipole anomaly pattern with opposite SAT anomalies over north and south of the Yangtze River (~30 • N; Figure 1b ). During the positive EOF2 phase, there was a significant warm SAT anomaly with a maximum value exceeding 0.6 K centered over the region north of the Yangtze River. Cold SAT anomalies were less than −0.4 K in the east and west of the region south of the Yangtze River. The PC2 time series showed a significantly warmer north and cooler south in 1968, with the opposite pattern in 1963 and 2015 ( Figure 1d ).
Roles of Physical Processes in SAT Anomalies
The atmospheric thermodynamics equation indicates that local temperature changes depend on the horizontal advection of temperature, vertical heat exchange, and diabatic heating. In the near-surface layer, low-level advection and diabatic heating are the primary controls on SAT changes [33] [34] [35] . Diabatic heating represents the heat exchange between the land and the atmosphere, whereas advection reflects the effects of the heating and cooling processes of atmospheric dynamics. In this section, we discuss the effects of the above two factors on SAT and related physical processes over SC during the spring-to-summer transition period.
Surface Heat Flux
SAT variability is closely associated with SH and surface LH variations. Warmer SAT can lead to an increase in upward SH, and LH may indirectly affect SAT anomalies through surface moisture and evapotranspiration effects. More (less) precipitation and vegetation cover accompanied by more (less) surface soil humidity, less (more) cloud cover, and higher (lower) wind speeds may increase (decrease) surface evapotranspiration. This may induce an increase (decrease) in upward surface LH and a decrease (increase) in SAT. SWR and LWR also contribute to changes in SAT; however, the effects of cloud-SWR and cloud-LWR on SAT are different. The cloud-albedo effect predicts that more clouds will reflect more downward SWR. This leads to a decrease in downward SWR that is absorbed by the surface, resulting in a negative SAT anomaly; however, greater upward LWR from the surface will be reflected back to the ground surface when more clouds are present, resulting in a positive SAT anomaly. 
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In EOF2, NHF (Figure 3a ) has a dipole structure but differs somewhat from the SAT pattern. In EOF1, the NHF (Figure 2a ) is significantly positive over most of SC, and the spatial pattern of NHF anomalies is similar to that of SAT anomalies (Figures 1a and 2a ). The SH variation (Figure 2b) is positive over areas near 30 • N, contributing to the increase in NHF. LH (Figure 2c ) makes a large negative contribution to NHF over most of SC. A significant increase in NHF is attributed to net SWR over SC (Figure 2d ), and downward SWR makes a large positive contribution to net SWR (not shown). Net LWR (Figure 2e ) makes a negative contribution to SAT anomalies over SC. In addition, the spatial pattern of TCC anomalies (Figure 4a ) is similar to those of the SWR and LWR anomalies, which indicates that a decrease in cloudiness leads to an increase in downward SWR. Therefore, cloud-SWR processes favor warm SAT in the EOF1 mode over SC. In EOF2, NHF (Figure 3a ) has a dipole structure but differs somewhat from the SAT pattern. NHF is positive only over northeastern areas and is significantly negative over other areas of SC (Figure 3a) . The negative NHF is influenced by SH, net SWR, and LWR over south of 30 • N (Figure 3a,b,d,e ). Net SWR (Figure 3d ) makes a large positive contribution to the increase in NHF north of 30 • N; however, increased NHF is only present over a small area north of 30 • N (northeastern areas) and is caused by decreases in SH, LH, and LWR north of 30 • N (Figure 3a-c,e ). In addition, the distributions of SWR and LWR (Figure 3d,e ) are similar to that of the TCC anomalies (Figure 4b ). This suggests that clouds play an important role in SWR and LWR variations.
The above analysis demonstrates that NHF makes an important contribution to the SAT anomalies of EOF1, particularly through cloud-SWR effects. In EOF2, NHF explains SAT changes in only a few areas. A decrease north of 30 • N and insignificant anomalies south of 25 • N in NHF cannot explain SAT anomalies in these areas (Figures 1b and 3a) . Therefore, other factors are likely to have more important effects on the AMJ SAT anomalies of EOF2, and these are discussed in the next subsection.
Advection at 1000 hPa
Advection at 1000 hPa is also an important factor affecting SAT. The temperature advection process can be expressed by four terms: −u ∂T ∂x , −v ∂T ∂y , −u ∂T ∂x , and −v ∂T ∂y . The sum of −u ∂T ∂x and −v ∂T ∂y captures the advection of climatological temperature caused by wind anomalies. The sum of −u ∂T ∂x and −v ∂T ∂y corresponds to the advection of anomalous temperatures caused by climatological winds. The sum of the above four terms represents the combined advection effect [36] .
For EOF1, a significant increase in advection is observed east of 110 • E (Figure 5a ). Warm advection can be caused by the climatological temperature from southerly wind anomalies or anomalous temperatures from the climatological southerly wind (Figure 5b,c) , as the southerly wind can bring warm and moist air from the ocean in low-latitude regions. West of 110 • E, cold advection may arise from northerly wind anomalies over land in high-latitude regions (Figure 5a,b) . Generally, advection east of 110 • E favors warm SAT anomalies (Figures 1a and 5a) . 
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For EOF1, a significant increase in advection is observed east of 110° E (Figure 5a ). Warm For EOF2, the spatial distribution of advection is similar to that of SAT anomalies (Figures 1b  and 5d ). Significant warm advection contributes to warm SAT anomalies north of 30 • N, and significant cool advection contributes to cool SAT anomalies south of 30 • N (Figures 1b and 5d-f ). This suggests that advection plays an important role in the dipolar SAT anomalies of EOF2.
The above analysis demonstrates that advection can explain the warm SAT anomalies of EOF1 in several areas. Cold advection west of 110 • E cannot explain the warm SAT anomalies. For EOF2, SAT changes are well explained by wind-induced advection.
Comparison of Areal Mean Anomalies
To further quantitatively describe the contributions of surface heat flux and advection to SAT changes, we calculated their mean anomalies in selected regions with significant SAT anomalies (Figure 1a,b) .
For EOF1, we selected central SC (105 • -120 • E, 25 • -30 • N), where a large increase in net SWR and a small increase in SH are partly cancelled by decreases in net LWR and LH, but their sum (NHF) results in a large net increase (Figure 6a ). Advection shows an insignificant enhancement, as increases in −u ∂T ∂x and −u ∂T ∂x are cancelled by large decreases in −v ∂T ∂y and −v ∂T ∂y (Figure 6b ). Overall, an increase in NHF plays an important role in the SAT anomalies of the EOF1 mode, and SWR is the main contributor to SAT increase. (Figure 6d ). In southern SC, the main contributors to the decrease in NHF are SH, LWR, and SWR (Figure 6e ). For advection, each component of advection decreases, leading to a large decrease in net advection. This favors cool SAT anomalies in southern SC (Figure 6f ). In summary, advection plays an important role in the SC AMJ SAT anomalies of the EOF2 mode. In addition, NHF causes SAT changes in southern SC.
Conclusions and Discussion
This study investigates the spatiotemporal characteristics of the dominant modes of spring-to-summer SAT interannual variations and related physical processes over SC during 1948-2017. Results suggest that SAT anomalies corresponding to EOF1 have a homogeneous structure throughout SC, whereas the EOF2 mode shows a dipole pattern about the Yangtze River (~30 • N) in SC.
Regression analysis indicates that surface heat fluxes, mainly influenced by cloud-SWR effects, play an important role in the SAT anomalies of EOF1 over SC. For EOF1, increases in SH over areas near 30 • N make a positive contribution to warm SAT anomalies. And fewer clouds may lead to an increase in SWR anomalies, giving rise to warm SAT anomalies. NHF makes a significant positive contrition to warm SAT anomalies over SC, which reveals the important contribution of NHF to SAT. For EOF2, decreases in SH and increases in LH cancel each other out, leading to an insignificant net contribution to SAT. The distributions of SWR, LWR, and TCC anomalies are similar to the north-south dipole pattern of the SAT anomalies. This suggests that cloud-radiation processes control the warm (cool) SAT anomalies of the EOF2 mode over SC.
Further analysis shows that temperature advection plays an important role in the dipole-pattern SAT anomalies of EOF2 over SC. For EOF1, significant warm advection is observed east of 110 • E. For EOF2, significant warm advection contributes to warm SAT anomalies north of 30 • N. Significant cool advection is observed south of 30 • N, contributing to cool SAT anomalies. Cool advection is caused mainly by the climatological temperature from northerly wind anomalies over land surfaces in high-latitude regions. Warm (cool) advection is caused mainly by the climatological temperature from southerly (northerly) wind anomalies or anomalous temperatures from climatological southerly (northerly) winds.
The study of climate change during the spring-to-summer transition deserves further investigation. Seasonal mean (averaged April-June) is a commonly applied method in previous studies. It presents a persistent state for climate anomaly from spring to summer and may contribute to summer climate anomalies [21] . As such, studying the AMJ-mean SAT anomalies over SC and its factor can improve the climate prediction not only in the transition season but also in summer. In addition, to emphasize the characteristics of spring-to-summer, Wu [21, 22] used anomaly change from April to June (the anomaly in June minus the anomaly in April, denoted as the JmA anomaly) to show the advanced or a delayed transition. It is different from AMJ mean on the factors and processes of climate changes. For SAT anomalies over SC during spring-to-summer, this research method is very valuable for reference and can help for the further research.
This work focuses on SC SAT variations and their contributing factors during the spring-to-summer transition from 1948 to 2017. Several questions worthy of further investigation remain. Because SAT is correlated with cloud presence, what is its relationship with large-scale circulation? What caused the PC1 phase conversion in 1993 in the time series of SAT anomalies? What are the spatiotemporal characteristics of the dominant modes of SAT variations on the interdecadal scale? These questions should be the focus of future work.
